Post-annealing effects on the crystal structure and superconductivity of the lithium-and 
Introduction
The compound FeSe has the simplest crystal structure among the iron-based superconductors composed of a stack of edge-sharing FeSe 4 -tetrahedra layer by layers.
Although the superconducting transition temperature, T c , is only 8 K, 1) it dramatically increases up to ~ 37 K by the application of high pressure.
2,3)
In single-layer FeSe films grown on SrTiO 3 substrates, recently, the opening of a possible superconducting gap has been observed at low temperatures below ~ 43 K and 65 K in the scanning tunneling microscopy/spectroscopy 4) and angle-resolved photoemission spectroscopy 5) measurements, respectively. Moreover, a superconducting transition has been detected at a high temperature above 100 K in the electrical transport measurements of the single-layer FeSe film. 6) These results suggest that T c of FeSe is very sensitive to the lattice and that FeSe has a great potential in achieving high T c 's. Through the intercalation of potassium 7) and sodium 8) into FeSe, in fact, the interlayer spacing between neighboring Fe layers, d, has increased from 5.52 Å to 7.02 Å and 6.83 Å, so that T c has increased up to ~ 31 K and ~ 37 K, respectively, while T c of lithium-intercalated FeSe without increase in d has remained 8 K. 9) Further increase in d has been attained through the co-intercalation of alkali or alkaline-earth metals and ammonia, so that d and T c have increased to 7 -11 Å and 31 -46 K in A x (NH 3 ) y Fe 2-z Se 2 (A: alkali or alkaline-earth metals), respectively. 8, [10] [11] [12] [13] [14] Following ammonia, several kinds of organic molecules have also been reported to be intercalated into FeSe together with alkali or alkaline-earth metals. In pyridine-intercalated Li x (C 5 H 5 N) y Fe 2-z Se 2 , d
and T c have increased to 8.03 -11.55 Å and 45 K, respectively. 15) In ethylenediamine-intercalated A x (C 2 H 8 N 2 ) y Fe 2-z Se 2 (A = Li, Na), d and T c have increased to 10.4 -11.0 Å and 45 K, respectively. 16, 17) Collecting these results of the FeSe-based intercalation superconductors, it has been found that T c tends to increase with increasing d and to be saturated at ~ 45 K for d ≥ 9 Å and that the carrier doping of intercalants into the conducting FeSe layer seems not to affect T c so much. 17) This tendency has been interpreted by Guterding et al. 18) in terms of the electronic structure calculated with the density functional theory. That is, the electronic structure becomes more 
Experimental
Polycrystalline host samples of FeSe were prepared by the high-temperature solid-state reaction method as described in Ref. 8) . That is, iron powder and selenium grains, which were weighted in the molar ratio of Fe : Se = 1.02 : 1, were mixed, put into an alumina crucible and sealed in an evacuated quartz tube. This was heated to 1027˚C for 30 h and then annealed at 400˚C for 50 h, followed by furnace-cooling.
The obtained ingot of FeSe was pulverized into powder to be used for the intercalation. (ICP-OES). Thermogravimetric (TG) measurements were performed in flowing gas of argon, using a commercial analyzer (SII Nano Technology Inc., EXSTAR DSC7020).
In order to detect the superconducting transition, not only magnetic susceptibility, χ, measurements using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMS) but also electrical resistivity, ρ, measurements by the standard dc four-probe method were carried out. For the ρ measurements, the as-intercalated powdery sample was pressed into a pellet and sintered at 150˚C for 12 h in vacuum (~ 10 -1 Pa) using an oil-rotary pump. Figure 1 shows powder x-ray diffraction patterns of the host compound FeSe, the as-intercalated sample and samples post-annealed at various temperatures for 60 h.
Results and Discussion
It is found that the as-intercalated sample is mainly made up of Li and ~ 10 Å (Phase III) with increasing post-annealing temperature, indicating the appearance of phases different from the as-intercalated one. Considering the powder x-ray diffraction, ICP-OES and TG results, crystal structures of the as-intercalated sample (Phase I) and post-annealed samples (Phase II and Phase III) are speculated as follows. First, the crystal structure of Phase I is speculated as shown in Fig. 3(a 
3(b) and (c)
. This is plausible, because the length of HMDA is too short for the structure where the positions of two N atoms of one HMDA molecule slip each other by three unit-cells to be stabilized and moreover no x-ray diffraction peaks due to the structure have been observed. To confirm these speculations, the detailed analysis of the crystal structures is necessary. T c 's of the FeSe-based superconductors obtained so far at ambient pressure are summarized in Fig. 6 as a function of d. 1, 7, 8, 10, 11, [13] [14] [15] 17, 19, 20, [23] [24] [25] [26] [27] As for the origin of the decrease in T c at d > 9 Å, it may be due to the decrease of the interlayer coupling of cooper pairs. Considering the superconductivity above 100 K in single-layer FeSe films as mentioned above, 6) however, this may be incorrect. 
